005). These assessments were consistent with observations in HFIM validation studies. Our method could be used to objectively rank the combined killing activities of two antimicrobial agents when used together against a multidrug-resistant A. baumannii isolate. It may offer better insights into the effectiveness of various antimicrobial combinations and warrants further investigations.
Acinetobacter baumannii is an emerging gram-negative bacillus associated with serious nosocomial infections; it is also associated with multiple mechanisms of resistance to various antimicrobial agents (4) . Multidrug resistance in A. baumannii has been increasing over the past decades (11) and was shown to be associated with unfavorable clinical outcomes (13, 14) . Treatment of multidrug-resistant Acinetobacter infections often represents a challenge to clinicians (7, 15) , and there are very few agents in the advanced stage of development designed to target multidrug-resistant gram-negative bacteria. As a result, a task force from the Infectious Diseases Society of America (IDSA) has recently identified A. baumannii as a "particularly problematic pathogen" (22) .
For infections caused by a multidrug-resistant pathogen, many available drug treatments are ineffective when used alone. Combination antimicrobial therapy is commonly used clinically for the management of these difficult-to-treat infections. Other than stringent infection control measures, combination therapy is currently our last line of defense in curbing the rising prevalence of multidrug resistance in gram-negative bacteria (28) . The rationale is that when using two or more antimicrobial agents (often with different mechanisms of action) concurrently, an enhanced pharmacodynamic effect may be attained. It is hoped that a synergistic combination would provide an enhanced bactericidal effect in the treatment of infections due to multidrug-resistant strains. On the other hand, certain antimicrobial agents may negate one another when combined, resulting in a reduced overall effect (antagonism). Clearly, quantitative information about such synergistic and antagonistic relationships is both valuable and necessary for evaluating the effectiveness of various antimicrobial agent combinations.
However, a satisfactory methodology to evaluate combination therapy and to quantify the extent of pharmacodynamic drug interaction is currently not available. Consequently, it is difficult to compare different combinations in a rational manner. Conventional methods of studying the effect of antimicrobial agent combinations are associated with multiple limitations, and they have not been informative regarding the prediction of favorable clinical outcomes. In view of the numerous possible combinations (e.g., from six available agents, there are 15 possible two-agent combinations), antimicrobial agents to be used together are often selected empirically by clinicians under such circumstances (mostly by trial and error or based on prior personal experience). This approach is poorly guided and may not be optimal for patient care. Susceptibility studies. Cefepime, amikacin, and levofloxacin MICs and minimum bactericidal concentrations (MBCs) were determined by a modified broth macrodilution method as described by the CLSI (8) . The final concentration of bacteria in each macrodilution tube was approximately 5 ϫ 10 5 CFU/ml of Ca-MHB. Serial twofold dilutions of the drugs were used. The MIC was defined as the lowest concentration of drug that resulted in no visible growth after 24 h of incubation at 35°C in ambient air. Samples (50 l) from clear tubes and from the cloudy tube with the highest drug concentration were plated on MuellerHinton agar plates (Hardy Diagnostics). The MBC was defined as the lowest concentration of drug that resulted in Ն99.9% killing of the initial inoculum. The drug carryover effect was assessed by visual inspection of the distribution of colonies on medium plates. The studies were conducted in duplicate and were repeated at least once on a separate day.
Time-kill studies. Time-kill studies (TKS) were conducted with cefepime, amikacin, and levofloxacin alone at different and escalating concentrations. An overnight culture of the isolate was diluted with prewarmed Ca-MHB and incubated further at 35°C until reaching log-phase growth. The bacterial suspension was diluted with Ca-MHB according to absorbance (at 630 nm); 15 ml of the suspension was transferred to 50-ml sterile conical flasks, each containing 1 ml of a drug dilution at 16 times the target concentration. The final concentration of the bacterial suspension in each flask was approximately 10 5 CFU/ml (ranging from 1 ϫ 10 5 CFU/ml to 5 ϫ 10 5 CFU/ml). The experiment was conducted in a shaker water bath set at 35°C. After 24 h of drug exposure, samples were obtained from each flask in triplicate and the bacterial population was determined by quantitative culture. Prior to being cultured, the bacterial samples (0.5 ml) were centrifuged at 10,000 ϫ g for 15 min and reconstituted with sterile normal saline to their original volumes in order to minimize the drug carryover effect. Total bacterial populations were quantified by spiral plating 10ϫ serial dilutions of the samples onto Mueller-Hinton agar plates (Spiral Biotech, Bethesda, MD). The medium plates were incubated in a humidified incubator (35°C) for 18 to 24 h, and the bacterial density from each sample was determined by visual inspection. The mean killing effect at 24 h was characterized by an inhibitory sigmoid Emax model using the ADAPT II program (9); fitting was weighted by the inverse of the observation variances.
Optimal design for combination studies. Based on the concentration-effect relationship of each drug determined in the previous section, the optimal concentrations to capture parameter estimates describing the killing effect most precisely at 24 h were determined by using ADAPT II. The concentrations were constrained to the following clinically achievable ranges in human serum: cefepime (2 to 200 mg/liter), amikacin (4 to 80 mg/liter), and levofloxacin (0.5 to 9 mg/liter). D-optimality was employed to optimize the determinant of the inverse Fisher information matrix. Assay variance was based on the variance of the bacterial burden observations for each drug.
Combination TKS. TKS similar to those described above were repeated using 25 concentration combinations in a five-by-five array for each two-agent combination. Specific concentrations for each agent used (including a placebo control) were as determined in the previous section. The total bacterial burden at 24 h (in triplicate) was determined by quantitative culture as described above, and the data were mathematically modeled using a three-dimensional response surface as described previously (25) . Briefly, effect summation was used as the definition of additivity (null interaction) (5), as follows:
(1)
Z intercept is the bacterial density at 24 h in the absence of the drug, E A Ϫ max and E B Ϫ max are the maximal effects of drug A and drug B, C A and C B are the concentrations of drug A and drug B, HA and HB are the sigmoidicities of drug A and drug B, and C 50A and C 50B are the concentrations of drug A and drug B to achieve 50% of the maximal effect, respectively. Volumes under the plane (VUP) of the observed and expected surfaces were computed by interpolation and double integration, respectively (Mathematica 5.2; Wolfram Research, Inc., Champaign, IL). The overall combined killing activities of antimicrobial agents were assessed using the following interaction index: VUP observed /VUP expected . Synergy and antagonism were defined as interaction indices of Ͻ1 and Ͼ1, respectively. The confidence interval (95%) of VUP observed was computed with mean data points Ϯ 1.96 standard deviation.
Hollow-fiber infection model. To selectively validate the quantitative assessment of combined killing with various antimicrobial agent combinations, a hollow-fiber infection model (HFIM) in which the bacteria were exposed to clinically relevant (fluctuating concentration over time due to repeated dosing and constant elimination) drug exposures was used. A schematic diagram of the HFIM has been described previously (23) . The drug(s) was directly injected into the central reservoir to reach clinically achievable peak concentrations. Fresh (drug-free) growth medium (Ca-MHB) was continuously infused from the diluent reservoir into the central reservoir to dilute the drug in order to simulate drug elimination in humans. An equal volume of drug-containing medium was removed from the central reservoir concurrently to maintain an isovolumetric system. Bacteria were inoculated into the extracapillary compartment of the hollow-fiber cartridge (Fibercell Systems, Inc., Frederick, MD); they were confined in the extracapillary compartment but were exposed to the fluctuating drug concentration in the central reservoir by means of an internal circulatory pump in the bioreactor loop. The experimental setup was slightly modified if the elimination half-lives (t 1/2 ) of the agents in a combination were considerably different (2) .
Experimental setup. For each study, the inoculum was prepared as described above. Twenty milliliters of A. baumannii suspension at approximately 10 5 CFU/ml was used. The experiment was conducted for 48 h in a humidified incubator set at 35°C. The infection models were subjected to different drug exposures simulating various steady-state pharmacokinetic profiles of unbound drugs (cefepime fC max ϭ 165 mg/liter, t 1/2 ϭ 2.5 h [1, 24] ; amikacin fC max ϭ 60 mg/liter, t 1/2 ϭ 2.5 h [27] ; and levofloxacin fC max ϭ 9 mg/liter, t 1/2 ϭ 6 h [18, 19] ). Maintenance doses were given according to clinical dosing frequencies of the individual drugs to reattain the unbound maximum concentration (fC max ) targeted. Two (two-agent) combination regimens using the highest clinical doses (i.e., cefepime, 2 g every 8 h; amikacin, 1.5 g every 24 h; and levofloxacin, 750 mg every 24 h) were examined, as guided by the modeling results of combination TKS (the most and least synergistic combinations were used). For comparison, three single-drug regimens (at twice the highest clinical dose) and a placebo control were used. The effectiveness levels of these dosing regimens were compared based on the observed viable bacterial burden over time.
Pharmacokinetic validation. Serial samples were obtained from the infection models and kept frozen at Ϫ20°C until analyses (within 2 months after the completion of the HFIM studies). The drug concentrations in these samples were assayed by validation methods as described below. The concentration-time profiles were modeled by fitting a one-compartment linear model to the observations by using ADAPT II.
Drug assays. Cefepime and levofloxacin concentrations in Ca-MHB were assayed using a validated high-performance liquid chromatography (HPLC) method. The HPLC system consists of a Waters 2695 separation module with a 2487 UV detector and NovaPak C 18 (4 m) column (3.9 by 150 mm) (Waters Corporation, Milford, MA). The samples were spiked with an internal standard (levofloxacin for the cefepime assay; moxifloxacin for the levofloxacin assay). A gradient elution procedure with various proportions of acetonitrile, 0.1 M phosphoric acid (at pH 3.0), and 0.01 M n-octylamine (at pH 3.0) as the mobile phase (1 ml/min) was used, and detection was done at 292 nm. The cefepime assay was
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on September 9, 2017 by guest http://aac.asm.org/ linear from 0.5 mg/liter to 100.0 mg/liter, and the inter-day coefficient of variation was Ͻ9%. The levofloxacin assay was linear from 0.5 mg/liter to 25.0 mg/liter, and the inter-day coefficient of variation was Ͻ6%.
On the other hand, amikacin concentrations in Ca-MHB were assayed using a validated liquid chromatography mass spectroscopy method. The same HPLC system was used with an EMD 1000 mass detector (Waters Corporation). After the samples were spiked with gentamicin as the internal standard, they were purified by solid-phase extraction using Oasis MCX cartridges (Waters Corporation). Amikacin and the internal standard were subsequently eluted with a mixture of methanol and ammonium hydroxide. A gradient elution procedure with various proportions of acetonitrile and 0.5% formic acid as the mobile phase (0.3 ml/min) was used. Amikacin and gentamicin were detected at m/z ratios of 264.0 and 322.0, respectively. The linear range of the amikacin assay was from 0.5 mg/liter to 10.0 mg/liter, and the inter-day coefficient of variation for the assay was Ͻ9%. Samples with drug concentrations expected to be outside of the linear assay ranges were diluted two-to 10-fold accordingly before the assay procedure.
Microbiologic response. Serial samples were also obtained from each infection model at 0 (baseline), 4, 8, 12, 24 (predose) , 28, 32, 36 , and 48 h in duplicate. Bacterial burdens were determined in duplicate by quantitative culture as described above to examine the effects of various drug exposure(s) on the total bacterial population over time.
RESULTS

Susceptibility.
The isolate was resistant to all agents examined as anticipated. The MICs and MBCs of cefepime, amikacin, and levofloxacin were found to be 32 and 64 mg/liter, 256 and 256 mg/liter, and 32 and 32 mg/liter, respectively. In addition, the isolate was also resistant to imipenem, meropenem, and polymyxin B (data not shown).
TKS. Model fits in all single-drug TKS were satisfactory (r 2 Ͼ 0.97; Fig. 1 ). Optimal concentrations to define the killing effect most precisely at 24 h were found to be as follows: cefepime at 2, 14, 50, and 200 mg/liter; amikacin at 4, 40, 70, and 80 mg/liter; and levofloxacin at 0.5, 5, 8, and 9 mg/liter. In combination TKS, an enhanced overall combined killing effect was seen when cefepime was used together with amikacin and when cefepime was used concurrently with levofloxacin. In contrast, there was no significant increase in the overall combined killing effect in the levofloxacin-amikacin combination on September 9, 2017 by guest http://aac.asm.org/ (Fig. 2) . The quantitative assessment of the combined killing activities of various combinations is as shown in Table 1 . Pharmacokinetic validation. All simulated drug exposures were satisfactory, and typical pharmacokinetic profiles observed are shown in Fig. 3 .
HFIM model studies. The time courses of the bacterial burden associated with selected antimicrobial combinations are shown in Fig. 4 . Overall, these observations were in general agreement with our assessment of combined killing activity ( Table 1) . As depicted in Fig. 4A , a considerable reduction (Ͼ99%) in the bacterial burden was observed after 4 h for both cefepime and amikacin when used alone. However, regrowth was apparent with both drugs after 12 h despite repeated dosing. In comparison, when cefepime was used concurrently with amikacin (the most synergistic combination evaluated), a more sustained suppression of the bacterial population was seen. The observed bacterial burdens with this combination were lower than for both single-drug regimens (despite being used at twice the dose) for up to 36 h. Furthermore, the growth rate of the surviving population was much lower than that of the parent isolate (data not shown), possibly implying a substantial biofitness deficit in this population. Repeat susceptibility testing of two random isolates obtained at the end of the experiment did not reveal a significant change (more than twofold) in susceptibilities to amikacin and levofloxacin. The cefepime MIC was elevated in one of the two isolates examined.
Conversely, the benefit of adding levofloxacin to amikacin (being an additive combination) was not as evident, as illustrated in Fig. 4B . It was especially so when the reduction in the bacterial burden could hardly be achieved with levofloxacin alone (even at twice the clinical dose). The effect associated with the levofloxacin-amikacin combination was practically identical to that of amikacin alone, supporting our quantitative assessment of this combination.
FIG. 2.
Comparison of expected and observed killing activities of cefepime plus amikacin (A), amikacin plus levofloxacin (B), and cefepime plus levofloxacin (C). The red mesh surface is the expected killing activity of the antimicrobial agent combination, and the black dots are the observed killing. When a black dot is below the red mesh surface, the observed killing is more than the expected killing (synergism). On the other hand, when a black dot is above the red mesh surface, the observed killing is less than the expected killing (antagonism). The overall killing over the concentration ranges examined was assessed by computing the VUP. Synergy and antagonism were defined as interactive index (VUP observed /VUP expected ) values of Ͻ1 and Ͼ1, respectively. 
DISCUSSION
Previous attempts to quantify arbitrary agent interactions are unsatisfactory as they are associated with multiple implicit assumptions of the interacting system; they have been reviewed in detail previously (5, 25) . Briefly, the fractional inhibitory concentration index (the most widely used method for the in vitro interaction of antimicrobial agents) is based on Loewe additivity, in which linear concentration-effect relationships are implicitly mandated for all agents in a combination. This underlying assumption is clearly violated, as demonstrated by our data shown in Fig. 1 . Also, the endpoint used in the fractional inhibitory concentration index is the suppression of bacterial growth rather than the killing of bacteria. On the other hand, conventional TKS are equally problematic, as usually only one concentration of each agent is used, thus providing limited insights into the combined effect when they are used clinically (fluctuating over a concentration range due to constant elimination and repeated dosing). Furthermore, in view of different endpoints and assumptions used in these conventional methods, another drawback is that the interpretations of results may not correlate with each other (3, 6) , and they have not been useful in making reliable predictions in clinical studies regarding the effectiveness of various combinations (12, 20) . Serious infections caused by multidrug-resistant pathogens are becoming more prevalent. There is a need for a better method to characterize the combined killing effect when antimicrobial agents are used together. If the most effective agent combination can be objectively identified, it is hoped that multidrug resistance can be suppressed (or controlled) until new agents become available.
Circumventing the limitations of widely accepted methods, we developed a relatively simple approach to quantitatively assess the activity of two antimicrobial agents when used together. Similar approaches have been developed in the past to characterize the combined antimicrobial activities of antifungal (17, 26) and antiretroviral (10, 21) agents. However, to the best of our knowledge, this is the first study in which a mathematical model could use limited data as inputs to make useful predictions regarding the relative levels of effectiveness of various antimicrobial agent combinations against a multidrugresistant bacterial isolate. The utility of the model was exemplified by selective prospective validation of the predictions under experimental conditions in which drug concentrations vary over time.
The microbial response to single antimicrobial agents was first characterized. Based on these results, various agent combinations were then evaluated with respect to their killing effect when clinically achievable concentrations of these agents on September 9, 2017 by guest http://aac.asm.org/ were used. The ability to objectively quantify the pharmacodynamic interaction between two antimicrobial agents offered the distinct advantage of ranking various agent combinations in terms of their relative levels of effectiveness against a specific pathogen using a numeric scale of the interactive index (i.e., cefepime plus amikacin would be a superior combination against AB 1261 compared to levofloxacin plus amikacin). In addition, the variances of the observed effects were used to compute a confidence interval of the parameter estimates for statistical comparison. Also, the analytic approach demonstrated in this study was not specific to any one pathogen and did not require prior knowledge of the mechanism(s) of resistance. To enhance the applicability of the model, predictions of the combined killing effect were subsequently selectively validated using an in vitro infection model in which humanlike (fluctuating) drug concentration profiles were simulated. As pointed out previously, our model performed better when there was limited activity by individual drugs in a combination. This was due to our inability to measure the antibacterial effect that exceeded inoculum eradication (25) . Therefore, we focused on a multidrug-resistant strain to which little activity was shown by the individual drug when used alone. In this study, we demonstrated a validated modeling approach using only one clinical strain of A. baumannii. The generalizability of the model would be more ensured with experimental validation using more antimicrobial agent combinations (with various magnitudes of pharmacodynamic interaction) and against a greater number of multidrug-resistant bacterial strains. The applicability to other pathogens and the in vivo relevance of the model are currently under investigation.
In conclusion, we developed a novel method to characterize and rank the levels of effectiveness of various antimicrobial agent combinations against a multidrug-resistant bacterial isolate. This method may provide better insights into their combined effectiveness than other approaches and warrants further investigations.
